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Abstract 
Starchy root crops are a major carbohydrates source for being both human food and animal feed. The increasing demand of such 
crops has been a driving force of studies and research in biology of the crops. However, the related-knowledge as well as the 
existing information is still very few in comparison with the Arabidopsis model plant. Accordingly, the aims of this work are (1) 
to attempt to exploit the enormous data of Arabidopsis model plant to infer the regulation in the starchy root crops, and (2) to 
investigate the possibility and plausibility of the inference. Here, the transcriptional regulatory network of starch metabolism of 
Arabidopsis under extensive light condition was performed through the modified graphical Gaussian model (GGM) to infer the 
regulation of the similar process in root crops. The resulting correlation network of the significant genes includes 70 transcription 
factors and two starch-related genes, alpha-Glucosidase-like3 (AGL3:At3g45940) and beta-Amylase 5 (BAM5:At4g15210). 
Though the results provided the potential transcription factors of starch-related genes, which could be useful for further 
investigation, it is more likely that the selected condition of data is not appropriate to represent the starch metabolism in root 
crops. The results showed that greater than 70% of the significant genes were related to the starch degradation process which 
might reflect that the plants were under stress. This observation was supported by the Gene Ontology (GO) enrichment analysis 
that found many enriched GO terms relevant to the stress response. In conclusion, we believe that the data of the model plant are 
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useful for gaining more understanding into the regulation in other plants, including root crops, but the suitable condition of data 
measurement in use need to be well defined.  
 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Starchy root crops are the main carbohydrates source for humans and animals. Apart from cereals and rice, 
starchy root crops have become a significant feedstock for both direct consumption and commodity industries. 
Cassava is the most dominant among the starchy root crops1, because cassava roots contain up to 70-90 percent of 
starch per root dry weight.2 The influence of starchy root crops, in terms of the huge capacity of starch provided, has 
increased continuously from the past to the present and is expected to become even more significant in the future 
due to paradigm shifts of the global carbohydrate usages. In the next era, the necessity of the plant starch, especially 
from root crops, will not only be limited to be food and feed, but also as a major resource of green energy. 
With the growing demand of plant starch, extensive studies relevant to the control and regulation of starch 
biosynthesis and metabolism in plants have been done by aiming at the yield and quality improvement.3 However, 
the current background of such processes relies mostly on studies in Arabidopsis thaliana, a model plant. During the 
daytime, the remaining carbon from the cellular usages is polymerized to starch and temporarily accumulated in the 
chloroplasts of source cells, so called temporary starch. Then, at night, the temporary starch is degraded into maltose 
that is subsequently converted to sucrose to serve major carbon during the night.4 In starch-accumulating plants 
(e.g., potato, rice, and cassava), the sucrose is transported from leaves to the amyloplast, a plastid in the storage 
organs, and re-synthesized to form starch for permanent accumulation.  
The complexity of the regulation of starch metabolism in plants has been suggested in plenty of studies. Starch 
metabolism is widely known to be regulated by both an endogenous clock (i.e., circadian clock)5 and a diurnal cycle 
(i.e., light/dark cycle).6 It is also evidently affected by photoperiods.7 For example, it was reported that the rate of 
starch biosynthesis in Arabidopsis tends to increase under a short photoperiod.8 The expression of starch-related 
genes including granule-bound starch synthase (GBSS1) and soluble starch synthase II (STS2) genes show periodic 
patterns during the diurnal cycle, suggesting a light influence on the transcription of the genes.9 Not only was it 
controlled at the transcriptional level as evidenced by research works, but starch metabolic genes were also found to 
be regulated through other mechanisms, such as the protein-protein interaction and redox regulation.10,11 It was 
shown that ADP-glucose pyrophosphorylase (AGPase), glucan water dikinase (GWD), phosphoglucan phosphatase 
(SEX4 -amylase1 of Arabidopsis were controlled by redox regulation at the post-transcriptional level.10,12,13 
While only limited information is available to envisage any cellular regulation of starch metabolism in the 
starchy root crops, there is relatively abundant data to infer the transcriptional regulation in model plants such as 
Arabidopsis. With the shared hypothesis of the co-regulated genes, analysis of the gene expression patterns using 
reverse engineering approaches has been proven to successfully provide the transcriptional regulatory network of 
Arabidopsis under the observed conditions.14-16 Besides the networks, these analyses also suggested that the 
candidate transcription factor plays a major role in the regulation of the starch metabolism. The transcriptional 
regulatory network of starch metabolism in Arabidopsis under the diurnal cycle was recently constructed through 
the modified graphical Gaussian Model (GMM). The authors identified two potential transcription factors of SS4, 
IDD5 and COL functioning in the regulation of SS4 gene expression and starch granule formation in chloroplasts.16 
In contrast with Arabidopsis, only a few datasets are available for the starchy root crops and the resolution of these 
data-series (i.e., number of datapoints) is generally poor.17,18 This circumstance impedes the use of such datasets to 
effectively infer the transcriptional regulation of the starchy root crops. As yet, many mysteries in such processes 
remain to be studied. 
Accordingly, the aims of this work are (1) to attempt to exploit the enormous data of Arabidopsis model plant to 
infer the regulation in the starchy root crops, and (2) to investigate the possibility and plausibility of the inference. 
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Here, the transcriptional regulatory network of starch metabolism of Arabidopsis under extensive light condition 
was performed through the modified graphical Gaussian model (GGM) to infer the regulation of the similar process 
in root crops. This study, thus, selected the expression data measured under the extensive light condition to imitate 
the continuous starch synthesis in roots. The microarray gene expression data of Arabidopsis measured under 
extensive light condition19 was, thus, employed to perform the transcriptional regulatory network through the GGM-
based (graphical Gaussian model) co-expression analysis.20,21 The resulting network was subsequently conducted for 
the functional enrichment analysis, and finally, the potential of using such a network to infer the starch metabolism 
in roots was discussed. 
2. Methods 
   This work is divided into five main parts: pre-processing, classification of genes, identification of the significant 
genes, inferring a genetic network, and Gene Ontology (GO) enrichment analysis (Fig. 1). 
2.1. Microarray condition and data pre-processing 
Microarray data of Arabidopsis under extensive light condition was utilized in this work.19 The Affymetrix CEL 
files were downloaded from the NCBI database [http://www.ncbi.nlm.nih.gov; experiment reference number 
GSE8365]. Briefly, Arabidopsis was grown under 12-hour-light and 12-hour-dark condition for 7 days before 
transferring to continuous light condition. After 24 hours in constant light, seedlings were taken every 4 hours for 12 
time points (i.e., at 24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64, and 68 hours in constant light). RNA was extracted and 
hybridized to Affymetrix Arabidopsis ATH1 Genome Array [ATH1-121501]. The microarray pre-processing was 
ization and model-based analysis22,23 by using Bioconductor 
[http://www.bioconductor.org]. The expression intensity of the annotated genes was transformed to log2scale. The 
standard deviation (sd) of expression intensity (log2scale) was selected to be a statistical threshold for determining 
the significant genes. A significantly expressed gene was defined as a gene in which the sd of its expression profile 
is in the range of the top ten percentile of the sd distribution curve. 
2.2. Classification of genes 
The aim of this work was to reconstruct a transcriptional regulatory network describing the relationship between 
starch and transcription factors (TF) or clock genes. The annotated genes were then classified into three main 
e 
.24 The genes related to starch metabolism used in this study were classified by 
Smith et al.9 and Tsai et al.25 The information of TF used in this study was gathered from four databases which are 
Database of Arabidopsis Transcription Factors (DATF)26, Arabidopsis Transcription Factor Database (AtTFDB),27 
RIKEN Arabidopsis Transcription Factor Database (RARTF),28 and Plant Transcription Factor Database 
(PlnTFDB). 29 
2.3. Inferring a genetic network based on GGM 
In this study, a gene association network was inferred by using graphical Gaussian models (GGM) and 
implemented by using R package, so called N) 
[http://CRAN.R-project.org/].20 GGM was chosen because of its ability in handling high dimensional data i.e., the 
number of genes is much greater than the number of conditions, which is the case in this work (22,000 genes in 12 
conditions. GeneNet estimates the partial correlation between two genes discarding the effects of other genes. FDR 
adjusted p-value, namely q-value (0.01), was used as the cut-off for significant partial correlations to reduce the 
number of false positive in the significant result of the large-scale of tests, instead of p-value. 
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2.4. Gene Ontology enrichment analysis 
The genes in resulting network were simply grouped without examining the statistical significance. This was 
done based on topology of the reconstructed transcription regulatory network. Each cluster was calculated for the 
enriched GO terms by using singular enrichment analysis (SEA), one of the tools in the GO Analysis Toolkit and 
Database for Agricultural Community (AgriGO) [http://bioinfo.cau.edu.cn/agriGO/].30 The enriched 3 GO 
categories, biological process (BP), cellular component (CC), and molecular function (MF), were analyzed. The 
statistical test for the major biological meaning in the GO categories was performed by Fisher's exact test with p-
value 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Overall methodology for reconstructing transcriptional regulatory network of starch metabolism 
3. Results and discussion 
3.1. Transcriptional regulatory network of Arabidopsis under extensive light condition through microarray data 
analysis 
As reported in leaves, starch is continuously synthesized during light time7,31,32 and continuous light can promote 
the starch synthesis and the size of granules.32 This study, thus, selected the expression data measured under the 
extensive light condition to imitate the continuous starch synthesis in roots. In this study, the microarray gene 
expression data under extensive light condition was taken from.19 The time-series expression of genes was measured 
every 4 hours after 24 hours in light condition (24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64, and 68 hours). The 
microarray data pre-processing was deployed using Bioconductor in R (version 2.14.2). The genes constituent in the 
dataset were classified into three groups based on the previous defined starch-related genes (51 genes), transcription 
factor (TF) genes (2,557 genes), and circadian clock genes (21 genes). Approximately 22,000 Arabidopsis annotated 
genes corresponding to affymetrix 22k probe set includes 51 starch-related genes, 19 circadian clock-related genes, 
and 2,162 transcription factors. 
The significantly expressed genes, called hereafter significant genes, were defined as genes in which the standard 
deviation (sd) of their expression profile (log2scale) is in the range of the top 10 percentile of the sd distribution 
curve (i.e., sd > 0.358; Appendix A1). The results showed that 2,198 genes were significantly expressed under 
extensive light exposure condition consisting of 14 genes in starch metabolism (Appendix A2), 203 transcription 
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factors, and 8 circadian clock-related genes. Among the 14 significant genes in the starch metabolism, the majority 
are involved in the starch degradation process, including glucan water dikinase (GWD1:At1g10760 and 
GWD3:At5g26570), disproportionating enzyme 1 (DPE1:At5g64860), cytosolic and plastidial alpha-glucan 
phosphorylase (PHS1:At3g29320 and PHS2:At3g46970, respectively), alpha-glucosidase-like 3 (AGL3: 
At3g45940), alpha-amylase 3 (AMY3:At1g69830), and beta-amylases (BAM3:At4g17090, BAM5:At4g15210, 
BAM6:At2g32290, and BAM9:At5g18670) genes. The essential starch biosynthesis genes, which are granule-bound 
starch synthase (GBSS1:At1g32900), starch branching enzyme 2.1 (SBE2.1:At2g36390), and de-branching enzyme 
(ISA3:At4g09020), also showed significant expression in this condition. The significance of the expression of the 14 
starch related genes over the remainders was demonstrated (Appendix A3). 
More than 70% of the significant genes were related to the starch degradation process. This might be because of 
the effect of light stress on plants grown under long light exposure condition. As known, the accumulation and 
degradation of starch is controlled by the day length, circadian rhythms, and metabolites.7 Starch was degraded 
faster in a long day compared with a short day. This might be a reason behind the finding of genes related to the 
starch degradation process in the resulting network. The starch might be broken down to serve energy required for 
stress responses under heat-stress condition. The evidence of continuous light stress (or oxidative stress-related) on 
plants may be demonstrated as observed leaf deformities (wrinkles), and decrease photosynthesis rates.7,33,34 Our 
hypothesis on plant stresses under continuous light cultivation was supported by the results of GO enrichment 
analysis of genes in the reconstructed transcription regulatory network. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The transcriptional regulatory network of 782 genes. The node, represented as different shapes and colors in the transcriptional 
regulatory network, is based on metabolic processes from MapMan.35 The edge of the network refers to a positive (blue line) or negative 
relationship (red line) between the regulator and regulator (TF-TF) and the regulator-target (TF-starch/TF-others). 
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The 2,198 significant genes were then employed to infer the transcriptional regulatory network of Arabidopsis 
under extensive light condition through the small sample inference of GGM by using GeneNet package.20 With the 
q-value cutoff of 0.01 (q < 0.01), the resulting network was composed of 13,430 relationships (edges) of 782 genes 
(nodes). The network included 70 transcription factor genes and two starch-related genes which are beta-Amylase 5 
(BAM5:At4g15210) in cluster 4 and alpha-Glucosidase-like3 (AGL3:At3g45940) in cluster 8 (Fig. 2). Beta-Amylase 
is reported to have the main function of cleaving the alpha-(1,4) linkage from the non-reducing end of the two 
glucose units resulting in maltose.12,36 Interestingly, it was found that 90% of beta-Amylase activity in Arabidopsis 
leaves is encoded by BAM5, indicating the significance of the BAM5 gene. Beta-Amylase induction was also 
observed in response to abiotic stress.37 The results also showed that BAM5 was significantly expressed under 
constant light condition. AGL3 is also categorized into the group of hydrolytic enzyme, that functions in elimination 
of the non-reducing alpha-(1,4) linkage and releases alpha-D-glucose.  
3.2. Gene Ontology enrichment analysis 
To explain more whether genes in the resulting network were related in term of gene function, genes was simply 
grouped into ten clusters based on the topology of the network (Fig. 2). Gene enrichment analysis was applied to 
each group in order to determine the enriched GO terms (according to three GO categories, BP-biological process, 
CC-cellular component, and MF-molecular function) in such a group of genes, suggesting the dominance of the 
gene function in the cluster. Singular enrichment analysis (SEA) was used to perform this analysis. The enriched 
GO terms were identified based on the Fisher's exact test at p-value 0.05.  
Only three of the ten clusters, which are clusters 2, 7, and 8 contained the enriched GO terms (Table 1). The 
remaining clusters have no enriched GO-term at the p-value 0.05. Corresponding to the previous results of 
significant gene analysis, most of the enriched GO terms observed in this study are related to the stress responses. 
This finding strongly supports our hypothesis that extensive light may induce plant stress processes as indicated by 
6, 23, and 2 enriched GO terms in clusters 2, 7, and 8, respectively (Table 1). Cluster 2 showed the enriched GO 
terms of the DNA replication process which was reported to be a DNA repair mechanisms of plant under light-
stress38 (Appendix A4). The enriched GO terms in cluster 7 (Appendix A5) were also relevant to the response 
processes, such as the cellular response to stress, starvation, external stimulus, and nutrient levels. The membrane 
lipid metabolic process, lipid biosynthetic process, glycolipid biosynthetic process, and signaling were also found as 
enriched GO-terms in this cluster. Possibly plants may respond to stress by degrading starch into glucose and 
maltose for supplying carbon to those processes. Cluster 8 showed the enriched GO terms of peptidase activity 
(Appendix A6). Peptidase is an enzyme which cleaves the peptide bond in proteins to modify protein content during 
the changes in the metabolic status. The activity of peptidase was also reported to be elevated by the stress response 
as observed in the study of mulberries.39 
Table 1. Obtained clusters from GO enrichment analysis. The enriched GO clusters are shaded. 
Cluster 
Number of 
genes 
Genes with 
GO 
Genes with unknown 
functions 
GO terms  
Enriched GO terms 
GO-BP GO-MF GO-CC 
1 76 70 6 739 - - - 
2 68 58 10 561 3 3  
3 66 62 10 539 - - - 
4 70 64 6 860 - - - 
5 73 66 7 490 - - - 
6 52 47 5 502 - - - 
7 52 45 7 621 20 2 1 
8 114 105 9 1138 - - 2 
9 105 94 11 1010 - - - 
10 93 83 10 940 - - - 
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The relationships between starch-related genes and the potential TFs were observed in clusters 4 and 8. Cluster 4 
showed that BAM5 is potentially regulated by two TFs, NAC domain-containing protein 96 (NAC096:At5g46590) 
and WRKY DNA-binding domain 75 (WRKY75:At5g13080). WRKY75 was proven to be strongly induced during 
Pi stress response and proposed to be a negative regulator of root development.40 Cluster 8 showed five potential 
regulators of AGL3, basic helix-loop-helix (bHLH) DNA-binding superfamily protein (At1g31050), SET domain-
containing protein (TXR7:At5g42400), auxin transport inhibitor response 3 (TIR3:At3g02260), Myb domain protein 
79 (AtAMYB79:At4g13480), and hypothetical protein (At5g06070). The potential transcription factors of starch-
related genes from the resulting network can be used as a guideline for further analysis to understand starch 
metabolism in starchy crops. For example, further work should address a question such as the proposed transcription 
factors regulating BAM5 can be the targets for genetic modification towards improvement of starch yield?  
The results reinforce our hypothesis on the effect of light stress on plant metabolism under extensive light 
exposure. Although results showed the enriched GO terms related to stress responses under extensive light, the 
existing knowledge to explain this scenario is not yet clear.  
3.3. The possibility of exploiting transcriptional regulatory network of the Arabidopsis under extensive light to infer 
the regulation in root crops 
Here, we discussed the question of using the resulting network to infer the regulation of starch metabolism in 
roots32. The unexpected significance of the degradation process, instead of the biosynthesis process, in the 
transcriptional regulatory network may indicate the unsuitability of either the employed dataset itself or the selected 
the extensive light condition. Long exposure to light may affect many processes in plants in addition to starch 
metabolism. For the extensive light condition, besides the issue of stress, investigation of the starch biosynthesis 
using the data from this condition may experience a regulation bias to the circadian clock because the diurnal effect 
is diminished by the experimental condition. It was moreover observed that the rhythmic expression profiles of 
genes relevant to starch breakdown in the studied condition were more rigid with less damping than that of the genes 
relevant to starch biosynthesis (Appendix A3), which may affect the quality of the co-expression analysis as well as 
the regulatory network inference.  
In conclusion, this work provided the transcriptional regulatory network of Arabidopsis under extensive light 
condition. The data of the model plant is useful for gaining more understanding into the regulation in other plants, 
including root crops, but the suitable condition of data measurement in use need to be well defined.  
4. Conclusion 
Starchy root crops are the major carbohydrate source in terms of food and feed. Strain improvement of starchy 
root crops is thus a challenge and requires more understanding of starch metabolism. Here, the transcriptional 
regulatory network of starch metabolism was performed through the modified graphical Gaussian model (GGM) 
using microarray time-series data of Arabidopsis under extensive light condition. The results showed a high number 
of enzymes in starch degradation in a set of significant genes, suggesting light-stress to plants. These results also 
corresponded to those of the investigation of Gene Ontology enrichment analysis. The resulting network provides 
potential transcription factors of key genes related to starch degradation which were beta-Amylase 5 
(BAM5:At4g15210) and alpha-Glucosidase-like3 (AGL3:At3g45940). The data of the model plant are useful for 
gaining more understanding into the regulation in other plants, including root crops, but the suitable condition of 
data measurement in use need to be well defined. 
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 Appendix A. Supporting information 
Supplementary data involving in this work can be downloaded from the online version  
[http://sbi.pdti.kmutt.ac.th/csbio2013/Appen_CSBio2013_Somkid.pdf] 
A.1. Distribution of standard deviation (sd) of expression data over a time course 
Gene in which the standard deviation (sd) of its expression profile is greater than 0.358 or in the range of the top 
ten percentile of the sd distribution curve. 
A.2. 51 genes related to starch metabolism 
14 significant genes in starch metabolism were bold. 
A.3. The rhythmic expression profiles of 51 genes related to starch metabolism 
The expression profiles of the significant genes (marked as colored lines) were superimposed on the plot of the 
whole set of starch-related gene expression profiles (marked as grey lines). 
A.4. The enriched GO terms according to (a) BP-biological process and (b) MF-molecular function in cluster 2 
The colored boxes represent significantly enriched GO terms while white boxes represent non-significant GO 
terms. Solid arrows represent relationships between the two enriched GO terms. Dashed arrows represent 
relationships between the enriched and un-enriched terms while dotted arrows represent relationships between un-
enriched terms. 
A.5. The enriched GO terms according to (a) BP-biological process, (b) CC-cellular component, and (c) MF-
molecular function in cluster 7 
The colored boxes represent significantly enriched GO terms while white boxes represent non-significant GO 
terms. Solid arrows represent relationships between the two enriched GO terms. Dashed arrows represent 
relationships between the enriched and un-enriched terms while dotted arrows represent relationships between un-
enriched terms. Green dotted arrows represent the negative regulation between un-enriched terms. 
A.6. The enriched GO terms according to Molecular function (MF) in cluster 8 
The colored boxes represent significantly enriched GO terms while white boxes represent non-significant GO 
terms. Solid arrows represent relationships between the two enriched GO terms. Dashed arrows represent 
relationships between the enriched and un-enriched terms while dotted arrows represent relationships between un-
enriched terms. 
 
 
